ter often leading to an overdiagnosis of normal female karyotypes [Lathi et al., 2014] . Analysis of chorionic villi (CV) obtained by sampling before evacuation minimizes external microbial contamination, and karyotyping after short-term culture (STC) guarantees the embryonic origin of the sample. In addition, it is a rapid method that allows the detection of a broad spectrum of chromosome abnormalities [Morales et al., 2008] . If a long-term culture (LTC) is added, placental mosaicism can be identified, but this is a completely unexplored field in miscarriages.
Recent molecular approaches such as chromosomal microarray-based analysis (CMA) use DNA isolated from CV or fetal tissue samples. Its success rate has been reported to be slightly higher than that expected for cytogenetic analysis, since it does not require cell culture. CMA has a much higher ability to detect subtle genomic changes than conventional cytogenetics, but it is unable to detect balanced structural rearrangements, some polyploidies [Robberecht et al., 2009; Dhillon et al., 2014] , and presents difficulties to detect low-level mosaicisms. More recently, SNP-based CMA has increased the diagnostic power, adding the detection of uniparental disomy [Levy et al., 2014; Sahoo et al., 2017] . However, the involvement and relevance of small chromosome imbalances as well as uniparental disomy of individual chromosomes in early pregnancy losses still needs to be established, and variants of unknown significance can be detected [Dhillon et al., 2014] , which could lead to anxiety in the parents and hinder the subsequent genetic counseling.
To contribute to the knowledge of type and frequency of chromosome abnormalities in early pregnancy losses, we analyzed the cytogenetic results in the largest Spanish series of first trimester spontaneous miscarriages (>1,000 samples), obtained through CV sampling before evacuation. We also compared our results with those of previously published large series obtained by culture of CV or fetal tissue samples. Furthermore, for the first time, we present data on placental mosaicism in miscarriages and an overview of the viability of different aneuploidies during the first trimester of pregnancy.
Methods
Since 1997, CV sampling has been offered to women with a diagnosis of miscarriage established at the ultrasound examination. Some of them had already been scheduled for CV sampling due to a high risk of fetal aneuploidy, and miscarriage was diagnosed in the scan prior to the procedure.
A total of 1,119 CV samples were received for cytogenetic diagnosis. Gestational ages ranged from 5 to 13 + 6 weeks according to ultrasound. In our Prenatal Diagnosis Unit, 1,002 CV samples were obtained by transcervical sampling before evacuation. Since 2006, we also received samples from other public centers around Barcelona ( n = 117). All samples were subjected to the same procedures and evaluation criteria. Some of the early cases have been previously published [Morales et al., 2008; Muñoz et al., 2010; Grande et al., 2012] .
All CV samples were collected in warmed RPMI 1640 medium (BioWhittaker, Cambrex, Belgium) and delivered to the laboratory within a few hours. They were inspected under the dissecting microscope to release villi from maternal decidua and blood clots. Villi were divided into fragments of 3-5 mg, which were processed independently by the semi-direct method after 24-48-h incubation (STC) to obtain G-banded metaphase chromosome preparations. Moreover, in 603 out of the last 905 samples, an LTC was also performed. G-banding was done using the Wright technique.
When an unexpected structural chromosome abnormality was found in a CV sample, parental karyotypes were performed according to standard protocols.
For the analysis of the results, in a first approach, pregnancies were analyzed altogether to establish the frequency of the different types of chromosome abnormalities. Afterwards, results for numerical chromosome abnormalities were reanalyzed, classifying pregnancies according to maternal age (<35 years and ≥ 35 years) and gestational weeks: group I (from 5 to 6 + 6 weeks), group II (from 7 to 8 + 6 weeks), group III (from 9 to 11 + 6 weeks), and group IV (from 12 to 13 + 6 weeks). Contingency tables were created and χ 2 test was used for statistics to analyze the relationship between maternal age or gestational weeks and chromosome abnormality. Significance was set at p < 0.05. 
Results
The STC was employed in the 1,119 samples received, and a complementary LTC in 603. Cytogenetic results could be obtained in 1,011 samples (in 411 of them exclusively from the STC, in 8 from the LTC, and in 592 from both cultures). Accordingly, the success rate was 90.3%.
Abnormal karyotypes were observed in 711 cases, giving an incidence of 70.3% for chromosome abnormalities. A normal male karyotype was observed in 156 cases, and a normal female karyotype in 144 cases, resulting in a sex ratio of 1.08 among normal cases. Table 1 summarizes the chromosome abnormalities detected in the present series.
Autosomal Trisomy
Autosomal trisomy was the most frequent chromosome abnormality diagnosed, found in 517 cases (including the cases with a polyploidy plus an extra chromosome). Among them, 459 were single autosomal trisomies: 110 involved chromosomes 13, 18, or 21; 236 involved chromosomes 15, 16, or 22 ("common" non-viable trisomies); and 113 the remaining chromosomes ("rare" non-viable trisomies), with the exception of chromosomes 1, 3, and 19. Mosaicism with a chromosomally normal cell line was observed in 14/459 cases. Table 2 shows the involvement of each autosome in single trisomies as well as in combined abnormalities. Among these combined or complex abnormalities, 29 cases showed double or multiple trisomy, 4 presented an additional monosomy, 4 a balanced structural rearrangement, 12 an unbalanced rearrangement and 9 a polyploidy.
Sex Chromosome Trisomy
Only 2 sex chromosome trisomies were detected: one 47,XXX and one 47,XXY.
Monosomy
Monosomy was detected in 82 samples. Monosomy X accounted for 92.7% of the cases, thus representing 10.7% of the abnormal karyotypes. Sixty-nine cases showed a pure 45,X karyotype, 1 showed mosaicism (45,X/46,XX), and in 6 cases monosomy X was observed with another chromosome abnormality: autosomal trisomy (4 cases) or structural rearrangement (2 cases). The remaining monosomies involved chromosome 21 (4 cases), chromosome 8, and chromosome 13.
Triploidy
Triploidy was the second most frequent abnormality diagnosed ( n = 93), accounting for 13.1% of the abnormal karyotypes. Eighty-four cases showed pure triploidy: 32 cases with 69,XXX, 51 cases with 69,XXY, and a single case with 69,XYY. Eight cases showed hypertriploidy with an extra autosome ( Table 2 ) , and the remaining case had an extra chromosome X.
Tetraploidy
Tetraploidy was found in 1.4% of the abnormal cases ( n = 10). Five cases showed a 92,XXXX karyotype, 3 cases 92,XXYY, and 1 case had an extremely rare 92,XXXY karyotype. In the remaining case, an extra chromosome was present in addition to the tetraploidy (93,XXYY,+20) ( Table 2 ) . In 2 cases, the non-mosaic tetraploid cell line was only present in the LTC.
Chromosome Rearrangements
Six cases showed an apparently balanced chromosome rearrangement. Four of them were observed with an additional trisomy ( Table 2 ). The balanced chromosome rearrangements diagnosed were 3 reciprocal translocations and 3 pericentric inversions. Four rearrangements were inherited (only one of the translocations was previously known), one was de novo and no information was available from the remaining case.
An unbalanced chromosome rearrangement was found in 4.4% of the abnormal cases ( n = 31). Among them, there were 17 single unbalanced rearrangements (2 terminal deletions, 5 duplications, 6 unbalanced reciprocal translocations, and 4 isochromosomes), 12 unbalanced robertsonian translocations, and 2 cases with a combination of an unbalanced rearrangement and monosomy X. Three out of the 6 reciprocal translocations were previously unknown: 2 of them turned out to be familial and 1 de novo. Only 2 out of the 12 robertsonian translocations were previously known; among the unexpected ones, 8 were de novo, 1 inherited, and 1 with no information available.
Double/Multiple Chromosome Abnormalities
In 8.9% of the abnormal cases ( n = 63), the chromosome abnormality was not a single alteration. Forty-two cases showed double or multiple numerical aberrations, including double trisomy, multiple trisomy, hypertriploidy, hypertetraploidy or trisomy plus monosomy. Twenty-one cases showed different combinations of numerical and structural abnormalities, including monosomy plus marker chromosomes, structural rearrangements with trisomy or monosomy, and a few cases of rare discrepancies between STC and LTC (included in Table 3 ).
Placental Mosaicism: Discrepancies between STC and LTC Results
In 603 cases where enough CV could be sampled, both STC and LTC were performed. However, in 8 of them no growth was obtained from the STC, and in 3 from the LTC; so a total of 592 samples gave results from both cultures. Among them, 21 (3.5%) showed discrepant karyotypes. In 12 cases, the STC result was normal and the chromosome abnormality was only present in the LTC, in 2 cases the abnormality was only present in the STC, and there were 7 cases with discrepant abnormal karyotypes between both cultures ( Table 3 ) . a Samples from a twin pregnancy and described as independent when received; but they must belong to the same twin.
Chromosome Abnormalities and Maternal Age
Maternal age was available in 980 cases, and ranged from 17 to 48 years. The patients were divided into 2 age groups: advanced maternal age (AMA, ≥ 35 years; n = 582) and young maternal age (YMA, <35 years; n = 398). The rate of chromosome abnormalities in the AMA group was significantly higher (76.8%) than in the YMA group (61.3%) ( p < 0.0001). When we investigated differences regarding aneuploidy types between both groups (including only single aneuploid karyotypes), we found a significantly higher rate of trisomy 15, 21, and 22 in the AMA group compared to the YMA group: 8.93 versus 3.02% for trisomy 15 ( p = 0.0002), 6.87 versus 3.77% for trisomy 21 ( p = 0.0381), and 12.03 versus 4.02% for trisomy 22 ( p < 0.0001). The group of rare non-viable trisomies also showed a significantly higher incidence in the older group of patients ( p = 0.0009). On the contrary, triploidies were significantly higher in the YMA group than in the AMA group (14.07 vs. 5.33%, p < 0.0001). The rates for trisomy 13, 18, 16, monosomy X, and tetraploidy were similar between both groups ( Table 4 ). There were 26 cases with double trisomy, representing 1.51% of the abnormal karyotypes in the YMA group and 3.26% in the AMA group (statistically not significant, p = 0.1318).
Chromosome Abnormalities and Weeks of Gestation
Gestational ages were established according to the ultrasound scan and were available in 976 cases. They were classified in the 4 groups described above: group I ( n = 263), group II ( n = 323), group III ( n = 288), and group IV ( n = 102). The percentage of chromosome abnormalities found in each group was 75.67, 77.09, 66.32, and 52.94%, respectively. The higher rate found in group I + II compared with group III + IV was statistically significant with p < 0.0001. When calculating rates for individual aneuploidies, trisomies related to unbalanced robertsonian translocations and aneuploidies combined with unrelated balanced reciprocal translocation were also included. There was a higher incidence of trisomy 13 in group IV compared to the rest of groups altogether (11.11 vs. 3.91%, p = 0.0345). Trisomy 21 was also significantly higher in group III + IV compared with group I + II (16.33 vs. 3.79%, p < 0.0001). This trend was also observed for trisomy 18, showing a rate of 7.76% in group III + IV and 1.34% in group I + II ( p < 0.0001). On the contrary, the rates for trisomies 15, 16, and 22 were significantly increased in groups I and/or II compared to groups III and/ or IV: 18.88% for trisomy 15 in group II versus 4.05% in group I + III + IV ( p < 0.0001); 22.61% for trisomy 16 in group I versus 7.69% in group II + III + IV ( p < 0.0001); 14.96% for trisomy 22 in group I + II versus 7.35% in group III + IV ( p = 0.0030). Regarding monosomy X and triploidy, the rates in group I were statistically lower than those found in groups II + III + IV (1.01 vs. 13.56% for monosomy X and 4.52 vs. 15.99% for triploidy, p < 0.0001) ( Table 5 ) . For double trisomies, there was a statistically significant higher incidence in group I compared to the rest of groups altogether (7.54 vs. 1.82%, p = 0.0005).
Discussion
To our knowledge, the present study represents the largest Spanish series of cytogenetic analyses of first trimester spontaneous miscarriages. The strength of our dataset is the reliability of the results due to the homogeneous cytogenetic procedures carried out in a single laboratory, the high success rate of the strategy used, and the minimization of misdiagnosis due to maternal cell contamination. Moreover, for the first time, we provide information about placental mosaicism in miscarriages and an overview of the viability of different aneuploidies during the first trimester of pregnancy.
Success Rate, Abnormality Rate, and Overall Frequencies
We obtained a 90.3% rate of successful chromosome analysis, which is higher than the rates reported in some of the previous large studies that performed cytogenetic ( Table 6 ) [Eiben et al., 1990; Menasha et al., 2005; Shearer et al., 2011; Jenderny, 2014; Wang et al., 2014] . Our success rate is similar to the 92.4% rate obtained in the recent study of Sahoo et al. [2017] using mostly SNP-array analysis in fresh tissue samples, but lower than the 99.9% rate reported by Levy et al. [2014] , although in this case 22% of the samples were not valid due to maternal cell contamination. The reason for our high success rate is that CV samples were obtained before evacuation and were processed within a few hours, thus minimizing microbiological contamination and allowing a high success in STC karyotype achievement.
In our series, the frequency of abnormal karyotypes was 70.3%, which is also higher than the abnormality rates reported in the previously published studies ( Table 6 ). The reasons for these differences probably lie in the fact that gestational ages in our series are lower than in the other studies, and our diagnostic approach, with combination of STC and LTC, reduces the risk of misdiagnosis due to maternal cell contamination to the minimum. The only possibility of misdiagnosis would be in the very unlikely case of a normal female karyotype in STC and a chromosome abnormality confined to mesenchyme with complete overgrowth of maternal cells in LTC. (100) wg, weeks of gestation. a The percentage for each type of abnormality was calculated in relation to the total number of abnormal karyotypes in the respective group of gestational age.
b This category comprises single chromosome abnormalities, including trisomies related to unbalanced robertsonian translocations, and aneuploidies combined with unrelated balanced rearrangements. The relative frequencies of the different groups of cytogenetic anomalies in our series are comparable with those reported in the previously published large studies ( Table 7 ) .
Sex Ratio in Normal Karyotypes
An interesting finding was the male:female ratio of 1.08 among normal karyotypes, showing an excess of males in chromosomally normal miscarriages. This figure is in contrast to that observed in the other studies, which show sex ratios equal to or less than 1.0 ( Table 6 ). The excess of female karyotypes can be attributed to maternal cell contamination in the studies based on LTC of CV. However, our data are in contrast to the findings of Eiben et al. [1990] . The differences between both studies include gestational ages, the success rate, and the abnormality rate, both much higher in our study. According to Eiben et al. [1990] the excess of normal female karyotypes increases with gestational age. Earlier miscarriage studies, such as the present one, would account for an increase of normal male karyotypes. However, our sex ratio in karyotypically normal miscarriages is significantly similar to the present Spanish male:female ratio at birth, 1.07 (http:// www.indexmundi.com/spain/sex_ratio.html). Our data suggest an initial excess of male conceptuses and argue against a male-specific developmental disadvantage.
Chromosome Abnormalities, Maternal Age, and Gestational Age Single autosomal trisomies represent the largest class of chromosome abnormalities in spontaneous miscarriages. Trisomy 16 is the most frequent one (18.7% of the single autosomal trisomies), followed by trisomy 22 (18.5%), trisomy 15 (14.2%), and trisomy 21 (12.2%). Trisomy 13 (6.5%) and trisomy 18 (5.2%) are the following categories in frequency.
In our series, monosomy X is the third-most single chromosome abnormality, after trisomy 16 and trisomy 22. All cases except one were non-mosaic. This finding supports the idea that lethality in 45,X cases may be explained by the absence of "rescue" cell lines (i.e., 46,XX) in critical tissues for a correct development (i.e., placenta) [Hook and Warburton, 2014] .
A significant correlation was found between AMA and numerical chromosome abnormalities. As expected, the overall abnormality rate was significantly higher in older women. However, analyzing in detail each type of aneuploidy, we found that this relation was only sustained for trisomies 15, 21, and 22. Among the most frequent single trisomies, those of chromosomes 13, 16, and 18 did not correlate significantly with maternal age. The prevalence of monosomy X is slightly higher in young women, but it does not achieve statistical significance. Triploidy was significantly more prevalent in young women, while tetraploidy showed no difference.
Focusing on gestational age, trisomies involving chromosomes 13, 18, and 21 were more prevalent in advanced weeks of gestation, while the ones involving chromosomes 15, 16, and 22 were increased in earlier pregnancies. The same latter results were found for the group of rare non-viable trisomies, with a 24.64% detection rate in group I and a 12.35% rate in group II + III + IV ( p < 0.0001). These results were expected, since trisomies that can survive until birth (13, 18, 21) are expected to allow longer fetal development, compared with those that, although able to achieve pregnancy, are considered delete- 
